Volatile organic compounds (VOCs) emitted from anthropogenic sources pose direct and indirect hazards to both atmospheric environment and human health due to their contribution to the formation of photochemical smog and potential toxicity including carcinogenicity. Therefore, to abate VOCs emission, the catalytic oxidation process has been extensively studied in laboratories and widely applied in various industries. This report is mainly focused on the benzene, toluene, ethylbenzene, and xylene (BTEX) with additional discussion about chlorinated VOCs. This review covers the recent developments in catalytic combustion of VOCs over noble metal catalysts, nonnoble metal catalysts, perovskite catalysts, spinel catalysts, and dual functional adsorbent-catalysts. In addition, the effects of supports, coke formation, and water effects have also been discussed. To develop efficient and cost-effective catalysts for VOCs removal, further research in catalytic oxidation might need to be carried out to strengthen the understanding of catalytic mechanisms involved.
Background
Volatile organic compounds (VOCs) refer to those organic chemicals that reach their boiling point at temperature lower than 250
∘ C under the pressure of 101.3 kPa [1] . The VOCs could be classified as non-methane hydrocarbons (NMHC) and oxygenated NMHC (including alcohols, aldehydes, and organic acids) [2] . The property and the risk involved with those pollutants vary according to their physicochemical characteristics. Common traits of the VOCs are their short lifetime in the atmosphere (from hours to months) and a small effect on radiative force [2] . The interest in those compounds is due to their contribution to the formation of photochemical smog and their hazardous effects on both atmospheric environment and human health [3] [4] [5] [6] [7] .
Among the VOCs of anthropogenic origin, benzene, toluene, ethylbenzene, m, p, and o-xylenes (BTEX) represent a high percentage of the total emissions [8] . These compounds can be found during both indoor and outdoor atmospheric environment, which could be from various emission sources [8] . Most of the recent Chinese studies on air quality are focusing on this class of compounds due to their high concentration at ground level partially leading to the recurrent haze episodes [9] ; in fact benzene is group I carcinogenic pollutant classified by International Agency for Research on Cancer (IARC) and ethylbenzene is a suspected group IIB carcinogenic compound, while both toluene and xylenes are IARC group III neurotoxins [10] . It is known that flue gases from various industrial processes are a major anthropogenic emission source of BTEX [11] [12] [13] . To remove these pollutants from flue gases different technologies have been developed and utilized. The thermal incineration is the most common process which uses high temperatures over 800 ∘ C to achieve the total combustion of highly concentrated VOCs [14] . Due to its high energy consumption this technology is expensive though the heat released from the incineration could be recovered; in addition, byproduct as NO x and various reaction intermediates can be generated during the combustion [15] . An alternative to the thermal oxidation is the biological treatment, which uses microorganisms to treat small volume of low concentration VOCs containing exhaust. The biological treatment is selective and effective only for low weight and highly soluble hydrocarbons [16] . The physical or chemical adsorption of VOCs can be applied to a larger concentration range between 500 and 5,000 ppm, with efficiency usually superior to 95% [14] . The presence of water may affect the adsorption efficiency and it is also necessary to regenerate the adsorbent to remove the concentrated VOCs to extend its longevity for better cost-effectiveness. The absorption is a costly process where the pollutants are scavenged in a liquid for separation and recovery. It is useful to recover compounds that can have a market value and it is also critical to select a cost-effective solvent to ensure high removal efficiency [17] . Hence, the absorption technology does not degrade the pollutants but transfers them into another phase. The catalytic oxidation represents an alternative to the previously discussed processes by incinerating VOCs under much lower temperature and potentially accelerating the reaction rate [18] . The catalysts have been widely studied due to the potential economic advantage of this process.
The development of different types of catalysts for catalytic combustion of VOCs has been widely reported in the literature [19] [20] [21] [22] . The review paper published in 2004 by Everaert and Baeyens presents a good overview of catalytic combustion of VOCs on theoretical combustion kinetics, performance of various classes of catalysts, and different reactor geometries [19] . Another review, focusing on catalytic combustion of VOCs on nonnoble metal catalysts, was published by Li et al. in 2009 [23] . A very recent review published by Aranzabal et al. in 2014 [24] was concentrated only on the catalytic oxidation of chlorinated volatile organic compounds, which discussed in detail catalyst selectivity, byproducts formation, the possible causes of deactivation, and so forth. This research area has been developing very quickly. Our review is to discuss the progress over the past decade comprehensively and specifically in the development of noble metal based catalysts, nonnoble metal oxide catalysts, perovskites, spinels, and dual functional adsorbentcatalysts. The effects of various supports, water, and coke formation would also be briefly reviewed. Though VOCs are a very broad group of organic pollutants concerning to atmospheric environment, our report is to concentrate on the typical VOCs including BTEX and some chlorinated VOCs in flue gas.
Noble Metal Based Catalysts
Pd, Pt, and Au are active phases commonly utilized in the catalytic oxidation process. These materials usually show the highest activity in removing BTEX, or more generally VOCs, from flue gases at low temperature.
Pt Based Catalysts. The Pt based catalyst shows high activity for the BTEX removal at temperatures between around 150
∘ C and 350 ∘ C [25] [26] [27] [28] . According to the literature Pt should be the most active element for the oxidation of aromatic structures [26, 27] , while, in the case of alkanes, it results in the most efficient catalyst only for molecular weight higher than pentane [26] . The reaction temperature necessary to achieve the required conversion percentage depends on the concentrations and properties of the chosen pollutants [25, 26] . It has to be noticed that Pt, as most considered active phases, does not directly interact with its support and keeps its physicochemical properties unchanged after it has been impregnated. The physicochemical characteristics of the supports could influence the deposition and particle dispersion of the active elements so as to affect catalysts' properties [29, 30] including their durability and resistance to poisoning. Wu and Chang investigated the effect of supports with different degrees of hydrophobicity [25] . Their results showed that both activated carbon and styrene divinylbenzene copolymer (SDB) supports are able to preserve the catalyst activity well [25] . The hydrophobicity led to a toluene conversion efficiency >90% for the SDB supported catalyst at 150 ∘ C while it was necessary to reach a range of temperatures between 180 and 200 ∘ C to achieve a complete conversion with the activated carbon supported catalysts [25] . A more recent work on the hydrophobic support was published by Joung et al. [30] , in which a carbon nanotube (CNT) support was utilized (30 wt% Pt/CNT). The researchers were able to achieve a complete removal of a BTEX mixture (100 ppm each, space velocity 7.5 × 10 4 h −1 ) at 115 ∘ C against the 150 ∘ C previously required for the removal of toluene by using SDB support achieved by Wu and Chang [25] . It is worth mentioning that the weight load of Pt on the support in this study is 10 times the amount used by Wu and Chang (3 wt% Pt/SDB). Even using the same impregnation method, different supports could achieve different particle dispersions [25, 27, 29] . It is understandable that better particle dispersion may allow a higher number of active sites with a consequent higher catalytic activity. The particle dispersion on the support is influenced by various factors including the presence of binding sites, surface area and morphology, and so forth. For example, the oxidation of an active carbon support, through acid treatment or air oxidation, generally leads to a better dispersion of the active phase since the metals tend to bind on oxidized sites [29] . Aksoylu et al. were able to demonstrate that the physical stability of the active carbon under the treatment could influence the active phase dispersion. In his study, it was noticed that the acid treatment (5 N HNO 3 ) in some cases led to a significant decrease of the micropore's volume due to the collapse of the pore structure [29] . The particle dispersion, calculated on the basis of the H 2 adsorption data, revealed a dispersion value ranging from 0.13 for the nonoxidized samples to 0.92 for the acid treated samples that showed a higher physical stability [29] . It seems necessary to select the right supports in relation to the operating conditions, which would allow developing a suitable process able to achieve the required removal rate in the selected temperature interval.
During their studies on the internal mass transfer, Ordóñez et al. using Pt on a commercial -alumina (particle size 700-100 m) demonstrated that the benzene conversion with original concentration of 2,000 ppm depends on the support's particle size only for diameter larger than 500 m, while for particles of smaller diameter the internal mass transfer apparently did not show any limitation [26] . This result can probably be linked to the different tortuosity of the pore structure inside the particles of different size. A larger particle can show a more complex pore structure with a consequent reduction of the diffusion coefficient of the gas through the support.
Regarding the deposition of the active phase on the selected supports, various methods are available but the choice depends on the support type. Dry impregnation methods are often chosen to deposit this metal on porous support [25, 29] due to their higher deposition rate compared to the wet impregnation methods, while for deposition of metal on a zeolitic structure a different approach such as the cation exchange can be adopted [27] .
Pd Based Catalysts.
The Pd based catalyst operates at a slightly higher range of temperature between 200 and 300 ∘ C as compared to Pt [31] [32] [33] [34] . The oxidation state of Pd influences its catalytic activity and Dégé et al. reported that Pd 0 is the active phase and its catalytic performance is highly dependent on its load on supports [31, 32] . To demonstrate this fact a zeolitic support, prepared with different Si/Al ratios (4, 17 or 100), loaded with Pd (0 to 0.8 wt%) was reduced for 1 h under hydrogen at 300 ∘ C. This treatment seemed to considerably increase its catalytic performances by achieving the xylene (1,700 ppmv, space velocity 18,000 h −1 ) complete oxidation around 240 ∘ C while it happened at 280 ∘ C for the same catalyst that was not reduced [32] . Other factors such as surface area, particle dispersion, metal load, and support characteristics also affected this catalyst's activity to some degree [32] . The tests result clearly showed that the number of accessible atoms of palladium is proportional to the catalyst activity [32] , which is highly dependent on the metal load. Nevertheless, it has to be considered that particle size and dispersion will also heavily influence this parameter. If large palladium particles or aggregates are considered large numbers of palladium atoms, which act as active sites for the catalytic oxidation, not all of these atoms within such a block will be available for the reaction so as to lower catalytic efficiency of active phase. Formation of coke at low temperature was attributed to the acidity of the previously described zeolitic support. In fact from the results it appears that, for any condition tested (temperature, time on stream, or metal load), the conversion efficiency of o-xylene to CO 2 was better for higher Si/Al ratio and the coke oxidation could be promoted by the presence of acidic sites [32] . For all of the tested catalysts the researchers noticed that with the increase of metal load the percentage of formed coke decreased; in addition, under the same temperature conditions, the removal of coke seemed easier at higher metal load [32] . These results suggest that the oxidation of o-xylene into CO 2 is kinetically favoured in presence of Pd. Therefore the coke formation should mostly be located in part of the support not within the active phase [32] . More tests would be necessary to demonstrate the kinetics of the coke formation and oxidation to support this hypothesis. [35] . The Pd catalyst results have been reported to be more active for the oxidation of toluene than the Pt catalysts [35, 36] though it was said that Pt could be the most active phase for the oxidation of aromatic structures in other literature [26, 27] .
The same as for Pt based catalysts, cation exchange process was also recommended for the preparation of Pd based catalysts [31, 32, 37] as this methodology allows the introduction of the active phase inside the support structure instead of having a simple deposition on the support surface. Deposition-precipitation, wet or dry impregnation methods were also used to prepare this type of catalysts [20, 33, 35, 38] .
It should be noted that the metal deposition, oxidation state of the active phase, and accurate quantitative analysis were rarely reported in the reviewed literature for all of the considered active phases.
Different supports were tested as it can be expected that differences in morphology and surface area can influence the catalytic activity [20, 31, 32] . Especially for the various forms of active carbon it can be noticed that physical and chemical properties of the support influence the metal deposition, dispersion, and the gas adsorption efficiency of the support [20, 35] . It has been recently reported that active compounds such as titania (TiO 2 ) or Ni nanofibers doped with metals have been investigated [33, 34] . These studies demonstrated that the activity of the Pd can be improved by modifying the support's characteristics with the doping of different metals [33, 34] . Wahid and Tatarchuk reported that when PdO is doped with reducible metal oxides the catalytic activity depends on both the oxygen activation of Pd and the quantity of lattice oxygen on the reducible metal [33] . The use of metals such as Mn or Ce, which show a great oxygen storage capacity, can positively influence the catalytic activity [33] . The results achieved by Barakat et al. using titania doped with 5 wt% Ce or 5 wt% Fe improved the catalyst activity and the presence of the dopants lowered the T 50 by around 80 ∘ C (toluene 1,000 ppm, flow rate 100 mL/min) when compared to the basic titania [34] . During this study, it was found that the presence of Ce had the strongest influence on the catalytic activity [34] . Overall Pd based catalysts exhibit high activity for various classes of VOCs and they are more stable than Pt based catalysts, especially in presence of poisonous compounds such as chlorinated VOCs [39] .
Au Based
Catalysts. Au based catalyst tends to operate at higher temperatures compared to Pd and Pt ranging from 190 to 400 ∘ C for the removal of BTEX [40] [41] [42] [43] . It is worth pointing out that the formation of coke was never reported as byproduct of incomplete combustion by using Au based catalyst for the oxidation of BTEX in the reviewed literature. This metal naturally exhibits a poor catalytic activity and it was considered almost chemically inert [40, 44] . The formation of metal-oxygen (M-O) bonds is rate determining for the oxides of Au while the breaking of M-O bonds is the slow step for most other metal oxides [45] . This means that the largest part of the catalyst surface is in a metallic state without the possibility of exchanging oxygen, which could affect the oxidation efficiency negatively [41, 42] . It was reported that this metal's inertness could be overcome by developing composite oxides with 3d transition metals which would enhance both catalytic activity and thermal stability [45] . In addition, it was also found that the catalytic activity of this noble metal is strongly influenced from its rate of dispersion on the support [40] . The use of gold nanoparticles supported on Fe 2 O 3 managed to achieve the complete oxidation of toluene around 400 ∘ C (7,000 ppm toluene and 10 vol% oxygen, space velocity 7.6 × 10 −3 h −1 ) [40] . Different methods have been applied to achieve the required particle dispersion including deposition-precipitation [34, 38, 41, 42, 46] and coprecipitation [40, 42] . Particularly, the deposition-precipitation method proved to be able to produce gold particle of nanoscale between <4 and 8 nm [42, 46, 47] .
In their interesting paper Zhang and Corma reported that the activity of the gold catalyst might not be correlated with the dimension of its dispersed particle, as long as the particle average diameter is nanometric, but with its oxidation state [48] . The experiment was conducted on different Au/ZrO 2 and Au/CeO 2 prepared with different ratio of Au 3+ /Au (tot) ; the temperature-programmed reduction (TPR) tests showed that even though it is not possible to completely deny the participation of Au 0 and Au 1+ in the catalytic process those two species are much less active than Au 3+ [48] . However, this result does not agree with those in other previous studies which found that the catalytic activity of gold nanoparticle had high correlation with particle size, shape, and distribution [42, 43] . More researches would have to be conducted for further investigation. In addition, metal reducibility seems to be one of the main factors to affect its activity while metal load might not be so critical [46] though higher metal load could increase accessibility to the gold particles on the catalyst's surface [41] .
Recently a number of studies have been conducted focusing on how various supports would affect the Au based catalysts' capability, one of which was on three-dimensionally ordered (3DOM) LaCoO 3 that was tested for the removal of 1,000 ppm of toluene [43] . Compared to the bulk LaCoO 3 this material showed a high quality 3DOM structure with more regular pore size and wall thickness and Au particles were better dispersed on the wall surfaces [43] . Catalytic tests conducted on these 3DOM catalysts showed independence of the VOCs oxidation efficiency from the space velocity [43] . The presence of oxygen species on the surface of such supports promotes the activation of atmospheric O 2 on the vacant oxygen sites of these supports, which is favourable for the VOCs oxidation [43] . In addition, the gold doping promotes the mobility of lattice oxygen to improve its transfer to the vacancies and consequently increases the catalyst's activity [43] .
Due to the high dispersion of small metal particles, the Brunauer-Emmett-Teller (BET) area of the support is usually only slightly reduced by the gold deposition [40, 41, 46] . Regarding the potential application of Au catalyst, it has to be reported that according to experimental observation by X-ray photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy (FTIR) and extended X-ray absorption fine structure (EXAFS) cationic gold cannot be stabilized on various materials as carbon and silica [48] . It was reported that the gold precursor tends to be reduced to its metallic state during the impregnation step due to the presence of NaBH 4 . Different deposition methodologies allow the presence of partially oxidized gold species (Au + ), but this fact was observed only in case of low T thermal treatments (below 500 ∘ C) [49] or in case of the modification of the support using different ligands [50] . These supports are commonly used for dual function catalysts, which could be a limiting factor in the use of gold in certain catalytic applications.
Though Au itself is almost chemically inert, it can increase the mobility of the lattice oxygen of the support's oxidized sites [40] . Minicò et al. using an Au/Fe 2 O 3 catalyst demonstrated, through TPR tests, that the presence of gold enhances the reducibility of the support, which favours the reduction of Fe 2 O 3 to Fe 3 O 4 . The researcher found that the shift in the reduction temperature could not be correlated with change in surface area; hence, probably the presence of gold reduces the strength of the M-O bond for Fe 2 O 3 , which could lead to the formation of more structural defects and consequent active sites [40] . A Mars-van Krevelen mechanism involving the lattice oxygen is able to justify the high activity of gold nanoparticles based catalysts [40] . Centeno et al. reported that Au/CeO x /Al 2 O 3 and Au/Al 2 O 3 show high activity for the removal of benzene (250 ppm) and its complete oxidation could be achieved at around 275 ∘ C with a space velocity of 9,700 h −1 [41] . An increase in the Al/Ce ratio in gold containing catalysts was observed, which is probably due to the fact that Ce atoms mostly act as anchoring sites for Au nanoparticles [41] . Scirè et al. reported that the presence of Au enhances the activity of cerium oxide due to the presence of gold nanoparticles in the form of Au 0 , which could be formed by the calcination temperature higher than 300 ∘ C [42] . XPS tests found that the samples prepared by deposition-precipitation show a higher gold content on the support surfaces when compared to the coprecipitation method in accordance with other literature sources. The TPR profiles clearly show that the reduction peak of ceria is shifted to lower temperature with a consequent increase in its activity [42] . The catalysts were tested for the removal of toluene (0.7 vol%) and the complete oxidation was reached at around 350 ∘ C for the catalysts prepared by DP but over 500 ∘ C as reaction temperature was needed to achieve the same efficiency for those catalysts prepared by CP [42] . According to the evaluation conducted on this type of catalyst's activity, the best Au/CeO x /Al 2 O 3 catalyst was the one prepared by Gluhoi et al. with smaller particle size and better dispersion [46] .
However, high cost and sensitivity to the presence of poisonous compounds limit the industrial application of this 
Ag Based
Catalyst. The use of Ag based catalyst for the removal of VOCs is also well documented for a large variety of experimental conditions. Most of these tests will not be described, since the scope of this review paper is to produce an in-depth overview on the progress of the catalytic oxidation process.
Baek et al. reported that an increase of the quantity of metallic Ag and Ag 2 O is detected, during X-ray diffraction (XRD) analysis, with the increase of the loading of Ag on HY zeolite [53] . During their tests, the researcher observed an increase of the catalytic activity to be correlated with the increase of the metal loading [53] . This result suggested that metallic Ag might be the active phase for toluene oxidation [53] . The transmission electron microscope (TEM) studies also showed an increase of the number of Ag nanoparticles with the loading; this factor might again be correlated with the increase of catalytic activity [53] . The results of the XRD and TEM study were later confirmed by Ye et al. [54] . In fact, the researchers determined that the optimal loading for nano-MnO 2 supported Ag was 5 wt% [54] . From the TPR analysis, this sample resulted in having the lowest reducibility temperature, but due to the lack of data regarding the surface characterization, it is not possible to justify the reason for the decrease of catalytic activity at higher loadings. Similar results were obtained by Kim and Ryu; the researchers determined that the optimal loading on -Al 2 O 3 supported Ag is 11 wt% [55] . Again, the lack of data regarding the physical characterization only allows speculations regarding the plateau of the catalytic performances described by the authors [55] . Nonetheless, a logical hypothesis would be that due to the increase of the crystallite size and the reduction of surface area and pore volume correlated with the increase of metal load the number of active sites will not vary significantly with the increase of Ag load.
Zhou et al. tested the performances of Cu-Mn-Ag mixed oxide deposited on cordite monolith [56] . During their tests a Cu/Mn ratio of 1/1 was kept constant, since such a ratio usually leads to optimal performances in VOCs oxidation [57, 58] while different Ag loadings were tested. It showed that an active phase loading of 21.2 wt% (with an Ag/Cu/Mn ratio of 13.8/43.1/43.1) produced the best removal efficiency of toluene (0.89 vol%, space velocity 10,000 h −1 ) at T 90 of 264 ∘ C. Data suggested that, for a lower loading of Ag, the reduction of active phase quantity reduces the number of active sites and consequently the removal efficiency could be reduced [56] . For higher loading, the accumulation of the active phase on the external layer of the monolith was detected with the formation of an inefficient monolith [56] . It is not clear if this last observation can be applied in the other reviewed experiments.
Particularly interesting are the tests held by Li and Gaillard on the electrochemical promotion of Ag based catalyst [59] . During this study, Li and Gaillard demonstrated that a thin film of Ag deposited on Y 2 O 3 stabilized ZrO 2 was able to oxidize 500 ppm of toluene (flow speed 100 mL/min), achieving around 25% conversion at 330 ∘ C when a negative potential of −3 V was applied [59] . The application of an external potential promotes the electrochemical pumping of O 2− on the catalyst surface; this effect favours the adsorption of oxygen and the oxidation of toluene [59] . The writer also reported that at low concentration of toluene (100 ppm) the conversion to CO 2 was lower, and it increased with the increase of the pollutant concentration (up to 1,200 ppm) [59] . This fact was correlated with the adsorption of oxygen on the catalyst surface; at low toluene concentration a large quantity of O 2 is adsorbed on the catalyst, blocking the active sites and by consequence reducing the conversion efficiency [59] . By consequence, this catalyst is suitable to operate with low concentration of O 2 (lower than 2%) [59] . The authors also describe how the increase of the applied potential initially increases Ag activity until it reaches a plateau; any further increase of the applied potential will cause a decrease of the catalytic activity [59] . This fact is correlated with the adsorption of oxygen on the catalyst surface; in fact, an increase in the applied potential promotes the adsorption of oxygen, generating a competitive effect with the adsorption of toluene [59] . It is worth mentioning that the study does not define the conditions necessary to reach the complete oxidation of the selected pollutant.
As summarized in Tables 1 and 2 , a temperature of 250-350 ∘ C is usually sufficient to achieve the complete oxidation of the selected pollutants with high concentration over various catalysts. Silver based catalysts appear to offer inferior performances for the removal of BTEX compared to other noble or transition metals. Table 1 presents a summary of the catalytic performance reported in the reviewed literature. It has to be noted that the experimental reaction conditions especially the temperature might not be the same.
Nonnoble Metal Oxide Based Catalyst
Nonnoble metal oxides are cheaper than noble metals as active phase of catalysts and due to their effective catalytic capability are also often used for the removal of VOCs from flue gases. The most effective metals reported for this application are V, Cr, Mn, and Ce. Other metals, such as Fe, Co, and Mo, were also studied but their catalytic performance as single metal oxide was relatively poorer. The catalytic capability of the abovementioned metal oxides is generally not as good as that of the noble metal based catalysts, but mixed metal oxides would be possible to achieve the comparable catalytic efficiency to noble metals, which would be discussed in the following section.
V Based
Catalyst. V based catalysts were mostly prepared through incipient wetness to achieve a vanadia loading between 5 and 10 wt% on the selected support [73] [74] [75] . This metal was mainly applied for the removal of chlorinated VOCs. Krishnamoorthy et al. tested the oxidation of dichlorobenzene (600 ppmv) on V 2 O 5 /TiO 2 catalyst with different vanadium load [73] , which showed that the increase in metal load improved the catalyst activity achieving >90% conversion at around 470 ∘ C by the 5.8 wt% catalyst. These 1 The temperatures were extracted from relevant figures given in the literature and exact values are difficult to be presented here. 2 Due to the lack of dimension for the reactors used in literature, it is difficult to convert all the gas flow with the same units.
catalysts demonstrated a good stability over 100 h but were sensitive to the presence of water [73, 75] . During the stability test the presence of Cl on the catalyst surface was reported but it seemed not to affect the catalyst activity [75] . Krishnamoorthy et al. found that, due to the low VCl bond energy (121 kJ/mol), Cl could be easily removed from the catalyst surface with a consequent lower reaction temperature for the oxidation of VOCs without poisoning the catalyst [73] . This result explains the high activity of the vanadia sites for chlorinated VOCs [73] . Nonetheless, an issue with the application of this catalyst is the formation of CO as byproduct which accounted for 40-45% of the carbon balance and it is not influenced by the metal load, which may require additional control for its disposal [73, 75] . VO x /TiO 2 was also studied for the removal of benzene (100 ppm, GHSV 37,000 h −1 ) [76] . The catalyst was able to remove around 60% of benzene at 300 ∘ C, but vanadium oxide supported on sulphated TiO 2 reached over 95% conversion at the same temperature and at over 300 ∘ C it reached a 100% conversion [76] . Various research groups reported that the catalytic activity is related to the vanadia-support interaction [73, 74, 76] . According to Krishnamoorthy and Amiridis, this interaction influences vanadia's redox properties resulting in lower activation energies [74] . XRD results showed that different supports produce a different degree of dispersions of the active phase and the TiO 2 supported catalyst shows a well dispersed monolayer of the active phase, while other supports such as Al 2 O 3 and especially SiO 2 tend to form a poorly dispersed crystallite phase with a consequent decrease of the catalytic activity [76] .
This type of catalyst seems suitable for pretreatment of flue gases containing chlorinated VOCs if incorporated with hydrophobic supports. However, it might need to be applied for the pretreatment of flue gas due to its high selectivity to produce CO as byproduct. The reducibility of both the active element and the support for this type of catalyst is still scarce. TPR test would be a feasible option to determine if the interaction of catalyst-support could increase the reactivity of the active phase or if V, similar to Au, could promote the activity of the selected support. The information derived from this step may benefit the selection of the optimum support for some certain application.
Cr Based Catalysts.
Cr based catalysts have been tested on both chlorinated and nonchlorinated VOCs. Krishnamoorthy et al. reported that Cr based catalysts are highly active for VOCs removal which could achieve complete removal of dichlorobenzene (600 ppm at space velocity 25,000 h −1 ) at around 280 ∘ C [75] . The light-off temperature of this catalyst was higher than using vanadium, but it achieved the total oxidation at a lower temperature [76] . The similar activity of these two types of catalysts for chlorinated VOCs could be explained by the fact that the removal of Cl from the catalyst surface is not kinetically significant [75] . Similar to V and Pt based catalysts, the activity of Cr based catalyst got inhibited by the presence of water due to a competitive adsorption of water molecule on the active sites [75] . It was also reported that the catalytic activity was affected by different supports (i.e., M x O y /TiO 2 > M x O y /Al 2 O 3 ) tested in this study, indicating the metal-oxygen-support bond is critical for this degradation reaction [75] . FTIR analysis suggested that the removal of Cl from the catalyst surface and its substitution with oxygen occur via nucleophilic mechanism, which is likely to be influenced by the support's nature [75] . The tests demonstrated that the Cl removal is the first reaction step, followed by the adsorption of the aromatic ring and its subsequent oxidation [75] . During their tests, for the identification of a proper support for the removal of chlorinated VOCs, Bertinchamps et al. achieved the complete conversion of 100 ppm of benzene at 250 ∘ C for a Cr oxide catalyst supported on TiO 2 [76] . XRD analysis revealed a good dispersion of the active phase on various supports 
[72]
1 The temperatures were extracted from relevant figures given in the literature and exact values are difficult to be presented here. 2 Due to the lack of dimension for the reactors used in literature, it is difficult to convert all the gas flow with the same units.
except SiO 2 , which as mentioned before besides the surface is also highly correlated with the catalytic activity; this study demonstrated that the activity of Cr based catalyst depends on the nature of the support and not only on its surface area [76] . Chromium, supported on MnCu wash coated monolith, was also used to produce active element achieving complete conversion of toluene at below 350 ∘ C [64] . Even considering the good performances of Cr for the removal of a wide range of pollutants the low temperatures necessary for the complete oxidation, the use of this active phase is limited by its high toxicity and the environmental issues associated with its disposal and potential leakage. More tests would be necessary to determine the thermal stability and durability of these catalysts as these factors may limit their industrial application.
Mn Based
Catalysts. MnO x deposited on various supports were also studied for the removal of chlorinated VOCs and among different tested supports MnO x /TiO 2 -Al 2 O 3 showed the highest activity [76] [77] [78] . Liu et al. achieved 97% removal of chlorobenzene (1,300 ppm, space velocity 8,000 h −1 ) at 350 ∘ C using this catalyst, while the TiO 2 supported one achieved 62% removal only under the same experimental conditions [78] . During the performance test, the catalytic activity increased for the first 10-20 h and then became stable for at least the next 52 h [77] . It was reported that no chlorinated byproducts were formed during this reaction [78] . The activity increase observed during the first hours was found due to the formation of chlorinated species of Mn by XPS analysis; the test also showed that Cl was introduced into the catalyst inside structure but Mn only got partially chlorinated [78] . It seems that the chlorinated species of Mn is more active and stable than the MnO x in this type of catalyst [78] . In addition, the interaction between Mn and various supports including TiO 2 , Al 2 O 3, and SiO 2 played an important role in the catalyst's activity [77, 78] . According to the TPR experimental results, the weak performances of the Al 2 O 3 supported catalyst were due to the strong interaction of MnO x -Al 2 O 3 which would reduce the quantity of reducible oxygen to only half of those available on the TiO 2 supported catalysts [77, 78] . Due to the higher activity and stability of chlorinated Mn for removal of these pollutants, it would be important to determine the optimum ratio of MnCl x /MnO x which could achieve the best activity and stability of these catalysts and optimize their synthesis condition.
It has been reported recently that some nonnoble metal oxides based catalysts show comparable or even superior catalytic ability to those noble metals contained catalysts [72, 79] . Zhou et al. found that CoMn mixed oxide supported on activated carbon (AC) is more efficient than Pd or Au for the removal of toluene (10,000 ppm) which could achieve >98% 8 Journal of Chemistry removal at 250 ∘ C [72] . The properties of this type of catalyst, including low temperature reducibility, high surface area, and good porosity, promoted its catalytic capability for the oxidation of phenyl VOCs. Another important parameter affecting the catalyst's activity is the calcination temperature, which could influence the degree of crystallization of the metal. A low calcination temperature produces small particles of the active phase in a less crystalline structure, which influences the number of active sites on the catalysts [72] . The CoMn/AC oxide catalyst was stable over 720 h at 240 ∘ C and it was also highly active for the removal of ethylbenzene (10,000 ppm, flow rate 55 mL/min) achieving over 90% conversion at 250 ∘ C [72] . However, this mixed oxide showed a low activity for benzene and it removed less than 10% at 350 ∘ C [72] . The difference in activities could be attributed to the different natures of the interested pollutants. The ionization potential of toluene and ethylbenzene is lower than that of benzene when oxidized on this type of catalyst [72] . Benzene is a nonpolar molecule with a symmetrical structure and a high structural stability and is more difficult to get absorbed and thermally degraded [72] .
A number of studies have revealed that the activity of Mn based catalyst mostly depends on the metal state of oxidation which could change the reduction temperature of the prepared catalyst and in consequence the catalyst's activity [65, 69, 80] . Genuino et al. reported that the activity of this catalyst was highly affected by the concentration of Mn
3+
and Mn 4+ [80] and Mn 3+ showed to be the most active in their study [65, 69, 80] . This observation was confirmed by Delimaris and Ioannides [65] . In their experiment, it was found that the most efficient Mn based catalysts for the removal of toluene (600 ppm space velocity 30,000 h −1 ) was Mn x Ce 1−x mixed oxide, which achieved a complete conversion at below 260 ∘ C but did not contain Mn 4+ sites from XRD analysis [65] . Doped with different elements such as K, Ca, or Mg, the catalysts could decrease the optimum oxidation temperature of the selected pollutants [69] . It should be noted that the support can also influence the catalyst reducibility. TPR analysis by Pozan showed that two peaks at 392 and 463 ∘ C, corresponding to the reduction MnO 2 → Mn 2 O 3 and Mn 2 O 3 → MnO, got shifted to lower temperatures when Mn was supported on -Al 2 O 3 [81] .
Kim and Shim found that the doped and nondoped catalysts had similar BET and XRD profiles while the significant difference was observed with the TPR profile where a shoulder peak appeared in an interval of temperature between 227 and 234 ∘ C [69] . The increase of catalytic activity for such type of catalyst is believed to be relevant to the presence of this shoulder peak [69] . The addition of promoting atoms also increases the binding energy of manganese oxide, which would help increase the number of defect-oxide or hydroxyllike groups on the Mn surface [69] . These groups show a higher mobility of the lattice oxygen and consequently improve the catalyst activity [69] . Morales et al. reported that the addition of small amount of Cu produced a similar effect, which reduced the crystalline structure of Mn to increase the number of oxygen vacancies and the mobility of the lattice oxygen [82] . Due to this property, Cu is often added to other metals and its presence seems to increase the activity of both catalyst and support [66, 83] . Manganese mixed oxides containing Zr proved to be effective for both chlorinated VOCs and BTEX [60, 84] . Mn 0.4 Zr 0.6 O 2 achieved a complete oxidation of 1,2-dichloroethane and trichloroethylene at 450 ∘ C and 550 ∘ C, respectively [84] , while Mn x Zr y completely oxidized a synthetic gas containing 3,500 ppm of toluene at a temperature lower than 300 ∘ C [60] . In addition, unsupported manganese synthesized using different methods has also been studied by being mixed with another metal to acquire the required catalytic properties for the removal of BTEX [65, 69, 71, 72] . The advantage of these catalysts seems obvious that a much higher concentration of Mn could be achieved and the desired size could be controlled by different processes; however, the lack of supports may negatively affect the surface area, dispersion of active elements, and hydrophobic ability.
Ce Based Catalysts.
As reported earlier, Ce has been often used as part of a mixed oxide catalyst [65, 66, 71] . This metal was found to be an excellent promoter or support for a more active phase due to its excellent oxygen storage capability [85] . TPR tests showed a shift in the bulk oxygen reduction temperature of CeO 2 from around 580 ∘ C for the pure oxide to around 430 ∘ C and 360 ∘ C for the MnO x -CeO 2 and Cu/MnO x -CeO 2 mixed oxide catalysts, respectively [66] . It has been mentioned before that the presence of copper could promote the mobility of the lattice oxygen of the other oxides so as to improve their catalytic activity [82] . Delimaris and Ioannides also reported an increase of the BET surface area of the Mn-Ce mixed oxide catalyst produced by the urea-nitrate combustion method compared to the pure oxide [65] . This observation may imply that the addition of small quantity of Mn to Ce, or vice versa, helped control the crystallite growth while preserving the pore structure [65] . In addition, XRD studies also found a decrease of the lattice constant of Ce in presence of Mn [65] . Saqer et al. also reported that CeO 2 alumina supported catalysts usually require high temperatures to achieve a complete conversion of the considered pollutants, though they are known for being active at low temperatures [71] . This catalyst, when supported on -Al 2 O 3 , presented a better dispersion of the active phase and stronger reactivity [71] . During that study the prepared Cu-Ce and Mn-Ce mixed oxide could achieve the complete conversion of toluene (1,000 ppm) at around 350 and 325 ∘ C, respectively, which were much lower compared to 450 ∘ C required using the pure ceria [71] . Zhou et al. studied Ce nanostructures catalytic performances and they found that the nanostructure morphology can influence its behaviour and activity for the selected pollutants [85] . The catalyst was prepared through hydrothermal crystallization in the form of nanorods and nanocubes [85] . The TEM analysis revealed that the two catalysts differed not only in shape but also in crystal size, dispersion, and orientation, most of which were heavily affected by synthesis temperature [85] . The nanocubes showed a uniform particle size of 8 nm, while the nanorods ranged from 7 to 14 nm [85] . Though the nanocubes showed a smaller particle scale, XRD characterization found that the nanorods possessed a more amorphous structure, which could lead to a higher quantity of structural defect property with a consequent stronger catalytic activity [85] . TPR data supported the above inference by that nanorods showed more intense reduction peaks at a slightly lower temperature when compared to the nanocube structure, which further confirmed a higher dispersion of reducible species on this catalyst surface [85] . The catalysts activity also depends on their oxygen storage capability since the desorbed oxygen can form active oxygen species that greatly contribute to the catalyst activity. The CeO 2 nanorods showed a much higher storage capability [85] . Azalim et al. investigated the performance of Zr 0.4 Ce 0.6−x Mn x O 2 mixed oxide [86] . It was found that increasing the Mn load improved the textural and redox properties, but higher value lowered the activity due to the different rate of the redox couples Ce 4+ /Ce 3+ and Mn 4+ /Mn 3+ [86] . Ce based catalyst has been extensively studied for the oxidation of VOCs which showed promising properties in most of reported applications. It is worth mentioning that the reviewed literature does not include the use of this catalyst for the removal of chlorinated VOCs and no information regarding the coke formation on it was discussed. Table 2 listed those recently developed nonnoble metal based catalysts and their respective conversion efficiency of interested VOCs.
Perovskites Catalyst
Perovskites catalysts were widely studied for various applications and these compounds show high thermal stability and activity [87] . Perovskites can be generally presented by the formula A 1 A 2 B 1 B 2 O 3 , where A 1 is chosen among lanthanides, A 2 is an alkaline earth metal, B 1 and B 2 are transition metals. It should be noted that under suitable conditions perovskites can achieve activity similar to noble metal based catalyst despite their extremely low surface area typically in the range of 3-5 m 2 g −1 [87] . The low surface area is believed to be correlated with the preparation method which normally requires long exposure time at high temperatures [87] . How to lower the synthesis temperature to increase the BET area is one of the main focuses for the perovskites, since this parameter is very critical to the catalytic activity [87] . Different preparation methods have been used in order to increase the surface area including coprecipitation and solgel process. The sol-gel from citrate precursor appeared to be the most common synthetic methodology adopted in the literature reviewed. A selected quantity of nitrate precursor solutions was mixed and citric acid was added, and then the prepared solution was dried, grinded, and calcined [63, 88, 89] . Sinquin et al. investigated the effect of different precursors in the synthesis of perovskites [90] and found that the use of metals or metallic nitrates allows the removal of the ligand as nitrate vapor while the use of metallic chlorine is not ideal since this ligand cannot be easily removed from the solution [90] . The presence of Cl induced the formation of impurities in the final product, which may block the synthesis of the perovskite by forming chlorinated complex with the involved metals [90] . Alifanti [63] . The same study reported that LaCoO 3 /Ce 0.9 Zr 0.1 O 2 (20 wt%) achieved the best performances completely oxidizing 1700 ppm of benzene and toluene (air flow 100 mL/min) at around 450 and 350 ∘ C, respectively [63] . It also found that the bulk perovskite achieved a total conversion of benzene at a similar temperature while a higher temperature of 450 ∘ C was needed to fully oxidize toluene [63] . These results appear to confirm the ones previously achieved by Spinicci et al. for the conversion of benzene (250 ppm, space velocity 14,100 h −1 ), using unsupported Mn and Co based perovskites [88] . Hosseini et al. were recently able to synthesize bulk Cu, Cr, and Mn based perovskites with a surface area ranging from 15 to 11.3 m 2 g −1 dependent on the composition, and some deviation from the pure rhombohedral structure typically for LaCoO 3 perovskites was observed by XRD analysis [89] . The TPR tests revealed that the metal dopant promoted the reduction of Co in the perovskites leading to a consequent increase of the catalytic activity [89] . It has been reported that Cr 3+ in LaCrO 3 structure is highly stable and hence cannot be reduced under the condition applied during the study; on the contrary the Mn doped perovskites showed the sharpest reduction peaks [89] . LaMn x Co 1−x O 3 ( = 0.1, 0.25, 0.5) presented the most active capability for the removal of toluene (2,000 ppm, space velocity 5,000 h −1 ) achieving >99% conversion at around 400 ∘ C, which is in agreement with TPR results [89] .
Perovskites were also tested under the condition with SO 2 presence. Huang [91] . However, both catalysts showed a good stability over 200 h in presence of dichloromethane and the Sr catalyst achieved the best performance maintaining a toluene conversion over 95% [91] .
From the reviewed literature perovskite based catalysts appear to offer high catalytic activity, selectivity, durability, and resistance to poisoning. The use of different supports can help to balance the natural lack of surface area property of this class of compounds so as to improve the catalytic activity. The supports need to possess a high thermal stability in order to withstand the harsh conditions involved in the synthesis of the perovskite.
Spinel Catalysts
Spinel based catalysts have been reported to be highly active for the catalytic oxidation of hydrocarbons. This class of mixed oxide shows an AB 2 O 4 composition and a defect-rich crystal structure. Due to the peculiarity of the desired crystalline structure and the need of maintaining a high surface area, the preparation method plays a fundamental role in the synthesis of spinel catalysts.
Zavyalova et al. synthesized CoCr or CoCu spinels using the gel-combustion method, which applied nitrate precursors and glycine or glycerine as fuels [92] . XRD results showed that the addition of ammonium nitrate as additional combustion aid prevented the formation of small quantity of single oxides (10-25 wt%) [92] . XRD data also showed that the final product slightly differed from the conventionally synthesized catalyst using metal nitrate decomposition in air at 600 ∘ C, which would contain Co II Co III 0.4 Cr 1.6 O 4 and a 20% of free oxide for CoCr spinel or 66% Co 3 O 4 and 34% CuO for the CuCo spinel [92] . Apparently the different composition can be explained by the solid-solid interaction in the metal mixture during the complexation stage which allows the formation of a pure phase composite at much milder temperatures (solution heated between 60 and 180 ∘ C) [92] . The fuel/oxidizer (F/O) ratio also influences structural, redox, and catalytic properties of the spinel [93] . The F/O ratio affects the heating temperature and the evolution of gases from the solution to influence the catalyst morphology [93] . Hammiche-Bellal et al. synthesized CoFe 2 O 4 spinels by coprecipitation method using chloride or nitrate precursor and XRD results showed that different precipitating agents could influence the composition of the final product [94] . It was reported that higher calcination temperature would lead to better crystallization and positively affect the lattice parameter, which might be due to the formation of oxygen rich spinels [94] . ZnAl spinels were also prepared via unconventional coprecipitation from nitrate precursors and its thermal stability was evaluated for temperature ranging from 550 up to 1,050 ∘ C; the XRD analysis of the tested samples showed a crystallite growth from 3 to 13 nm with the increasing temperature [95] . As expected, the surface area and the pore volume decreased with the increase of calcination temperature [95] . BET measurement also implied that the adsorption-desorption isotherms profiles could be influenced by the calcination temperature due to the changes imposed to the catalyst morphology [95] . Castaño et al. prepared MnMgAlO x by gel combustion using nitrate precursor and glycine as combustion agent for the removal of toluene (600 ppm, flow rate 280 mL/min), and the catalyst synthesized with a F/O ratio of 0.56 showed the best performance achieving the complete oxidation of toluene at 300 ∘ C [93] . Cu-Mn spinels were also synthesized by Behar et al. for the removal of toluene (1,000 ppm flow rate 100 mL/min) [96] . The catalyst was prepared using sodium alginate and metal chlorides as precursors and achieved a complete conversion of toluene at 270 ∘ C [96] . The researcher simulated the experimental data using the Mars-van Krevelen model and the result indicated that the oxidation of toluene on this catalyst followed a two-step mechanism: the toluene oxidation on the lattice oxygen and followed by the reoxidation of the reduced metal oxide [96] . In addition, this class of mixed oxides with spinel structure could also be used as a support for hydrocarbon removal catalyst [95] . To sum up, spinels presented a high catalytic activity, thermal stability, and durability in the experimental condition reported from the reviewed literature.
Dual Functional Adsorbent-Catalysts
Dual functional adsorbent-catalysts appear to be a costeffective alternative to other classes of catalysts, which could be used to treat VOCs in two steps:
(a) Preconcentration: the pollutants are adsorbed from the flue gas onto the support surface.
(b) Temperature swing: during this step the temperature get increased to cause the pollutants desorbed. This step allows the adsorbent regenerated and the catalytic oxidation of organic pollutants.
It is clear that the adsorbent properties of the support would be as important as the catalytic activity of the active phase. Hence, improving the adsorbent's properties including surface area, pores size and distribution, and surface morphology to strengthen its adsorption capacity while maintaining its strong catalytic activity would be a challenging task for the synthesis of such type of catalysts.
Various materials have been used to prepare dual functional adsorbent-catalysts. Brazlauskas and Kitrys prepared a sandwich type CuO/zeolite adsorbent-catalyst which was for the removal of alcohol compounds [97] . This catalyst maintained active for 120-day operation for the effective oxidation of alcohols in the temperature range between 100 and 350 ∘ C. Byproducts including propanal, propane, propene, glycidol, and dimethylketene were formed at low temperatures but they disappeared once the reaction temperatures were over 280 ∘ C [97] . Kolade et al. synthesized monolith structure made of Pd supported on active carbon as adsorptive catalytic reactor for the removal of 3,000 ppm of ethane [98] . This structure provides high surface area, low pressure drop, and low resistance to the transport of particulate and was able to maintain high VOC conversion (air containing 2,500 ppm of toluene) while preventing thermal loss [98] . An integrated process was reported for VOCs oxidation by Roland et al. using Pt-NaY zeolite catalyst with the assistance of radiofrequency energy to produce a selective dielectric heating [99] . It seems that complete oxidation of toluene was achieved as only CO 2 and H 2 O were released and detected during the regeneration process at a temperature of 375 ∘ C [99] . Urbutis and Kitrys prepared CuO-CeO 2 /NaX for the removal of BTX using the temperature swing. The concentration of benzene, toluene, and xylenes was 800 mg m −3 , 850 mg m −3 , and 450 mg m −3 , respectively. The oxidation reactions were exothermic and the temperature rose up to around 550 ∘ C and achieved BTX removal efficiency of 99.3%, 99.8%, and 77.5%, respectively [22] . It is clear that a wide variety of active phases and supports can be used to produce dual functional catalysts; this variety potentially makes the dual functional catalyst the most flexible class reviewed. It has to be noted that to produce an effective dual function catalyst the properties of both the supports and active phases need to be carefully examined and then tested together as a unit in order to produce the desired adsorptive and catalytic capabilities.
Nonetheless, these catalysts also have disadvantage of operating in different processes with different temperature requirements compared to the other catalysts. The temperature inside the catalytic reactor needs to be initially low in order to allow the adsorption of the pollutants onto the porous substrate as at high temperatures the pollutants will be released from the porous substrate. For the second step, the temperature needs to increase to allow the oxidation of the pollutants and to regenerate the adsorptive property of the porous substrate. The limit of adsorption and the competitive effect of the involved pollutants need to be carefully investigated in order to avoid their release into the environment.
Effect of Water
Water is often contained in flue gases emitted from various industries and is also one of the products of the oxidation of VOCs. Water can cause dual effects on catalysts to act as either a poison or a promoter. Wu and Chang reported that the use of a hydrophobic support could produce better result in presence of moisture [25] . The Pt/SDB catalyst showed a 100% conversion of 90 ppm of toluene at 150 ∘ C, while different and less hydrophobic supports as Pt/AC01 and Pt/AC03 required 180-200 ∘ C for the complete oxidation. This redox mechanism also suggested that the VOC oxidation could be enhanced by the removal of the produced water [25] . The inhibition effect could be explained by steric hindrance of the water molecule [70] . Beauchet et al. reported the removal of isopropanol and o-xylene mixture (1,360 ppm for each VOC, flow rate 75 mL/min) over basic NaX zeolite under 33% relative humidity (11,000 ppm H 2 O) [70] . It was observed that the isopropanol initially adsorbed on the catalysts totally desorbed and a partial desorption of o-xylene (1.41 × 10 −4 mol g −1 remained absorbed) occurred. The effect could be attributed to a competitive effect or by a steric hindrance at the pores apertures where isopropanol and o-xylene got absorbed on different sites due to their polarity difference [70] . On the contrary, Krishnamoorthy et al. reported that the humidity had a promoting effect for the removal of 1,2-dichlorobenzene (660 ppm, space velocity 25,000 h −1 ) over Co 3 O 4 /TiO 2 [75] . The presence of water could remove Cl − from the active sites previously blocked by Cl − so as to prevent the deactivation of the catalysts [75] . It seems that the effect of water should always be carefully evaluated upon the selection of catalyst type and the nature of the VOCs to be targeted.
Coke Formation
The formation of carbonaceous compounds (coke) often occurs during VOCs oxidation, which could deposit in the catalyst pores and surface to block the active site and lower the activity.
Guisnet et al. tested the effect of the reaction temperature on the coke formation. During the study Pd supported on HFAU zeolite (Si/Al ratio 17) was used to oxidize a concentration of 1,700 ppm (flow rate 86 mL/min) of oxylene [31] at temperature between 150 ∘ C and 320 ∘ C. The formation of coke was reported for temperature below 290 ∘ C. The percentage of coke on the catalyst surface increased with the temperature until 200 ∘ C and then decreased until a complete removal at around 330 ∘ C [31] . The temperature also influenced the coke composition. It was found that the products of incomplete combustion at 150 ∘ C were mostly aromatic hydrocarbons (65 wt% ca.) while at over 200 ∘ C mostly oxygenated hydrocarbons were produced [31] . Dégé et al. also reported that the support characteristics influenced the coke formation too. Under the same experimental conditions, the increase of Si/Al ratio reduced the number of acidic sites and lowered the formation of coke, which was believed to be associated with the negative effect of the sites acidity on the Pd reducibility [32] . The increase of time on stream also reduced the coke formation [31, 32] . Beauchet et al. tested the activity of different zeolites (NaX, CsX, and acidic zeolite HY) to remove 1,360 ppm of isopropanol or 210 ppm of o-xylene (flow rate 75 mL/min) [27] . It was reported that at 200 ∘ C NaX activity was low due to a fast deactivation while HY coke content after 5 h reaction was 12 wt% [27] . Metal doping promoted the oxidation of organic pollutants and reduced the coke formation [27] .
Summary and Outlook
Catalytic oxidation is deemed to be a very effective route for the abatement of VOCs emitted from various industries. Different categories of catalysts including noble metal, nonnoble metal oxide, perovskites, spinel, and dual functional adsorbent-catalysts have been reviewed. The type of active elements, particle size, and the nature of the supports including their porosity and acid-base properties could influence to a various extent catalytic performance of catalysts. Addition of water was proved to inhibit the oxidation of VOCs over those catalysts with hydrophilic surface as the moisture could cloak to greatly reduce their reactivity; from this perspective, hydrophobic supports could represent an alternative. The additional dopants or promoters such as Ce, Fe, and Mn on noble metal based catalysts were reported to increase the catalytic activity due to their greater oxygen storage capacity. In addition, the chlorine poisoning and coke formations effects were also briefly discussed.
Given that continuously tightening VOCs emission regulations are bringing new challenges to the VOCs catalytic control technologies, innovations are needed in designing of more durable and selective catalysts. Research strategies for the next few years may have to focus on the following few points:
(1) Research emphasis on the structure-activity relationships, reaction mechanism, stability of the catalysts, and solutions to possible inhibition effects.
(2) Modeling and prediction of destruction efficiency for any given reactor setup, which could be applied in the selection of the optimum reactor type for specific application.
